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STK (stem cell-derived tyrosine kinase) is a receptor tyrosine kinase that belongs to the hepatocyte growth factor (HGF) receptor family.l2 The STK gene is a murine homologue of the human RON gene. The STK gene was first isolated from mouse hematopoietic stem cells, whereas the RON gene was isolated from human keratinocytes.13 Recently, we and others have identified STWRON as the receptor for macrophage stimulating protein (MSP).'4-'h MSP is an 80-kD serum protein belonging to a family of molecules that include prothrombin, plasminogen, and HGF.l7.lx MSP was first shown to induce murine resident peritoneal macrophages to become responsive to the chemoattractant C5a.I'
clasts. The addition of MSP to OCLs induced rapid morphologic changes such as cytoplasmic contraction and formation of ruffled border. In addition, MSP caused rapid redistribution of srcto the borders of cytoplasm. These phenomena were associated with enhanced bone resorption. MSP caused a threefold increase in pit formation compared with control OCLs. These findings suggest that by involving src kinase, the MSPlSTK signal transduction pathway induces rapid cytoskeletal reorganization in osteoclasts and facilitates bone resorption by osteoclasts.
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MSP has additional functional effects on resident peritoneal macrophages, including direct chemotactic attraction,20 induction of shape changes and migration," stimulation of ingestion of complement-coated erythrocytes via the macrophage CR3 receptor," and inhibition of endotoxin-or cytokine-induced expression of inducible nitric oxide synthetase mRNA. 21 In very recent work, we showed that STK protein is expressed on resident peritoneal macrophages but not on exudate macrophages or mononuclear phagocytes in the peripheral blood, BM, or alveolar spaces. In the peritoneal cavity, we found that the expression of STK protein is upregulated on peritoneal macrophages during their terminal differentiation." In this report we show that STK is expressed on an additional cell lineage of mononuclear phagocyte system, osteoclasts, and that its ligand, MSP, activates the boneresorbing function of osteoclasts.
MATERIALS AND METHODS

Factors.
Recombinant MSP was l n d l y provided by Dr M. Hagiya (Toyobo, Ohtsu, Siga, Japan). Murine interleukin-3 (IL-3) was provided by Dr T. Sudo (Toray, Kamakura, Kanagawa, Japan). It was purified from the supematant of COS cells transfected with murine IL-3 cDNA.
Establishment of STK-overexpressing cell lines. Full-length STK cDNA was subcloned into the eukaryotic expression vector pRclSRa, which was derived from pRc/CMV (Invitrogen, San Diego, CA), and this vector was introduced into NIW3T3 cells by electroporation. Cells were selected in the presence of (3418. Among several resistant clones, clones with high STK expression, designated 3T3/STK, were selected for this study.
Peritoneal cells, which include resident peritoneal macrophages, were obtained from C57BLl6 mice by lavage of the peritoneal cavity with 6 mL of phosphate-buffered saline (PBS). Peritoneal cells at a concentration of 7.5 x 10' cellslml were incubated with SO nglmL of human MSP at 37°C for indicated times. The cells were then solubilized with lysis buffer (50 mmoUL HEPES [pH 7.41, 1% Triton X-100, 10% glycerol, 10 mmol/L sodium pyrophosphate, 100 mmoVL sodium fluoride, 4 mmol/L EDTA, 2 mmol/L sodium orthovanadate, 50 pgl mL aprotinin, 1 mmoUL phenylmethylsulfonyl fluoride, 100 pmoll L leupeptin, 25 pmol/L pepstatin A) and STK was immunoprecipitated with rat-antimouse STK monoclonal antibody (MoAb) (clone 1 B).22 Immune complexes were collected on protein G-Sepharose (Pharmacia, Uppsala, Sweden). Immunoprecipitates were boiled for 3 minutes at 100°C in sodium dodecyl sulfate-polyacrylamide gel For personal use only. on October 31, 2017. by guest www.bloodjournal.org From electrophoresis (SDS-PAGE) sample buffer with 5% 2-mercaptoethan01 (2-ME), resolved by SDS-PAGE with 7.5% polyacrylamide as described by Laemmli." After electrophoresis, proteins were transferred to a nitrocellulose membrane (Nihon Millipore, Ltd, Yonezawa, Japan), which was then probed with an antiphosphotyrosine antibody, 4G10 (Upstate Biotechnology Inc, Lake Placid, NY), and specific binding was detected using the enhanced chemiluminescence system (Amersham International plc, Amersham, UK). To detect the STK P-chain, the membrane was stripped and reprobed with rabbit antiserum against the STK C-terminus. 22 Unfractionated bone cells including osteoclasts were prepared from mouse femurs of 14-day-old C57BI.d 6 mice. Bones were dissected free of soft tissues. For preparation of bone cells, the bones were minced with scissors for 5 minutes in a-Minimum Essential Medium (a-MEM; Flow Laboratories, Dublin, VA). This preparation (10 mL) was vigorously agitated for 0.5 minutes with a tube mixer, and then the large fragments were allowed to sediment for 3 minutes. The suspended cells were taken to make cytospin preparations, which were stained for tartrate-resistant acid phosphatase (TRACP) activity using a commercially available kit (Sigma, St Louis, MO) at 37°C for 30 minutes to distinguish osteoclasts from others.24
Six-to 8-week-old C57BU6 male mice were used for all experiments. The femurs were disarticulated, soft tissues were dissected away, and both ends of each bone were removed. The BM cells were flushed out with a syringe containing a-MEM, and a cell suspension was prepared by pipetting. One milliliter of unfractionated BM cells (IO6 celldmL) was plated in each well of 24-well plastic plates (Becton Dickinson, Los Angeles, CA) and cultured in a humidified 5% C02-air incubator. The medium consisted of a-MEM containing fetal bovine serum (FBS; Whittaker Bioproducts, Walkersville, MD) that had been inactivated at 56°C for 30 minutes. After 1 day, the cells were transferred to medium containing recombinant mouse IL-3 (rmIL-3) and 1,25(OH)2D3 and thereafter they were fed every 3 days. After 7 days of culture, multinuclear cells (>3 nuclei/cell) were counted in 10 microscopic fields under an inverted phase-contrast microscope at a final magnification of 100. Results were presented as the mean 2 SEM for quadruplicate determinations in two independent determinations. Statistically significant differences between groups were assessed by Student's t-test.
The cells were fixed with 1% formaldehyde and stained with 6 &mL of ratantimouse STK MoAb clone lB(IgG2a, K)" (IgG concentration of 6 pg/mL), followed by biotinylated antirat IgG and alkaline phosphatase-conjugated streptavidin from an ABC-AP kit (Vector Labs, Burlingame, CA).
['251]-Salmon calcitonin (CT) was purchased from Amersham Co (Arlington Heights, IL). For detection of CT receptors, cells cultured for 7 days on Lab-Tek chamber slides (Nunc, Inc, Naperville, IL) were incubated with 0.2 nmol/L ["'I] CT in a-MEM containing 0.1% bovine serum albumin for 90 minutes at room temperature in the presence or absence of a 1,000-fold excess of unlabeled salmon CT. The cells were then fixed with 2% formaldehyde in PBS for 20 minutes and stained with STK MoAb. After staining, the cells were fixed with 5% glutaraldehyde for 30 minutes and washed extensively with PBS. The Lab-Tek slides were then dipped in NTB-3 photographic emulsion (Eastman Kodak Co, Rochester, NY), exposed for 14 days at 4"C, and developed, as previously de~cribed.'~ Dentine slices (150 pm thick), prepared with a diamond saw, were punched out as circles 6 mm in diameter, sonicated, and sterilized in 75% ethanol. After the slices had been washed with a-MEM, each was placed into a well of a 96-well plate. Two
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hundred microliters of a-MEM supplemented with 5% FBS plus 1 X IO5 BM cells was added to each well containing a dentine slice, and the cells were then incubated at 37°C in a 5% C02-air incubator for 7 days. Thereafter, to assess the effect of MSP on bone resorption, MSP was added to the well, and the culture. was continued for 2 more days. After having been cultured for the desired times, the cells were brushed off the dentine, and the dentine slices were then stained with acid hematoxylin for 3 minutes in the 96-well plate. Total pit number was determined by light microscopy."
Imunojuorescence staining with antiphosphotyrosine and antisrc. Cultured BM cells on Lab-Tek chamber slides in the presence of rmIL-3 and 1,25(OH)2D3 were rinsed with PBS, fixed with 1% paraformaldehyde in PBS for 20 minutes, permeabilized with 0.5% NP-40 in PBS for 20 minutes, and washed with PBS. For determination of the location of phosphotyrosine and src kinase, monoclonal antiphosphotyrosine antibody 4G10 (Upstate Biotechnology Inc, Lake Placid, NY) and monoclonal anti-src antibody Ab-1 (Oncogene Science Inc, Uninadale, NY) were used as the first antibodies, which were then followed by fluorescence isothiocyanate (FITC) conjugated goat-antimouse IgG (Zymed Lab Inc, South San Francisco, CA). Fluorescein signal was visualized using a Nikon microscope (Tokyo, Japan).
RESULTS
Expression of STK on osteoclasts obtained from murine bone. To detect STK expression on osteoclasts, we used MoAb against STK, clone 1B (IgG2a,~), which had been obtained by immunization of rats with a purified fusion protein consisting of the entire extracellular domain of STK and human IgG1Fc.22 To confirm the specificity of immunostaining with this MoAb, we first stained STK-overexpressing 3T3 cells that had been obtained by transfection of 3T3 cells with full-length of STK cDNA. As shown in Fig l a and b , NIH 3T3/STK cells were stained well with STK MoAb, whereas NIH 3TYvector cells were not. Next, to define whether TRACP activity and STK expression were correlated in osteoclasts, we analyzed mouse osteoclasts from femur for these characteristics. Approximately 100% of the multinucleated osteoclasts, almost all of which showed TRACP activity, were also STK-positive (Table 1 and Fig  IC) . (Fig Id) . Only those multinuclear cells that reacted with STK expressed the CT receptor (Fig le and f) . Approximately 35% of the mononuclear cells reacted with the STK MoAb (Fig Id) , but none of these cells expressed the CT receptor (Fig l e and f) . formed from mouse BM cells. This cytoplasmic contraction was observed within 5 minutes and was followed by the formation of prominent ruffled borders (Fig 3) .
Evaluation of bone resorption activih, by pit formation. To clarify whether these phenomena were correlated with bone resorption by osteoclasts, we placed osteoclasts on dentine slices in the presence of MSP. The stimulatory effect of MSP on bone resorption was observed as early as 12 hours after the addition of MSP. The greatest difference in bone resorption between MSP-treated and nontreated cultures was observed 48 hours after the addition of MSP ( Table  2) . As shown in Figs 4 (see page 3706) and 5, the effect of MSP was significant at a concentration as low as 5 ng/mL (Fig 5) , and MSP increased pit formations in a dose-dependent fashion up to a concentration of 25 ng/mL, at which the level of the pit formation was approximately threefold higher than the controls.
MSP caused redistribution of src to the rufJled border. To clarify the mechanism of the bone resorption induced by MSP, we examined the localization of phosphotyrosine by --I ' ;s \I a 2 B* After having been cultured for the indicated times after the addition of MSP, the cells were brushed off dentine slices and the latter were stained with acid hematoxylin. The pit number on the dentine was measured by microscopically. Values are means f SD for three CUItures. * P < .05, significant difference from nonstimulated cultures.
immunofluorescence staining. As shown in Fig 6a and b (see page 3706), MSP caused rapid increase and distribution change of phosphotyrosine in cytoplasm. In addition to diffuse increase of phosphotyrosine in the entire cytoplasm, many spots of marked accumulation of phosphotyrosine appeared by MSP stimulation.
Next, we examined the change of src distribution caused by MSP stimulation. As shown in Fig 6c and d , src was distributed diffusely in the entire cytoplasm before the addition of MSP. By 5 to 10 minutes after the addition, src had became redistributed to the edge of cytoplasm. In another experiment, src distribution was also examined in the same culture system by the addition of IL-1 and IL-6. However, these cytokines took a longer time (over 1 hour) compared with MSP to cause src redistribution.
DISCUSSION
The osteoclast is derived from monocyte/macrophage precursors. However, this bone-resorbing cell has been difficult to study directly because of its relative inaccessibility.
In this study we show that STK, a novel member of the hepatocyte growth factor receptor family, was expressed on primary osteoclasts. In addition, using osteoclasts obtained by BM culture, we characterized STK expression on osteoclasts in detail. Previously we demonstrated that osteoclasts could be derived from BM cells cultured in the presence of IL-3 and 1,2S(OH)2D3 and that these cells had the capacity for primary bone re~orption.~ Using this culture system, we found that approximately 35% of multinuclear cells expressed STK and showed amplified expression of CT receptors (Fig l e and f) . Only the multinuclear cells that reacted with the STK MoAb expressed CT receptors, a specific marker for the osteoclast. Taken together, these data suggest that about half of the multinuclear cells formed by marrow mononuclear cell cultures in the presence of 1,25(OH)2D3 and IL-3 exhibit both the phenotypic traits of osteoclasts as well as STK receptor tyrosine kinase.
Although STK was not expressed on mononuclear phagocytes of BM and peripheral blood:' STK-positive mononuclear phagocytes were induced in cultures of BM cells. In this experiment, about 30% of mononuclear cells were STKpositive. Immunohistochemical and cytochemical analysis showed that STK-positive mononuclear cells were TRACPpositive but CT-receptor negative (Fig 1) . Although the os-KURIHARA ET AL teoclast progenitor cells have not been determined, these STK-positive mononuclear cells may be osteoclast progenitor cells. Our findings suggested that osteoclast progenitors as well as mature osteoclasts express STK receptor tyrosine kinase and that IL-3 expands these populations of cells by increasing the proliferation of BM precursor cells. At present, STK is known to be expressed on specified subpopulations of mononuclear phagocytes such as peritoneal macrophages and osteoclasts. The meaning and mechanism of STK expression on these restricted subpopulations remain to be clarified.
MSP, the ligand of STK, affected the function of osteoclasts. Within 5 to 20 minutes after the addition of MSP. cytoplasmic contraction and the formation of ruffled borders were observed (Fig 4) . Immunofluorescence studies showed increased phosphotyrosine in the cytoplasm and redistribution of src into the borders of cytoplasm (Fig 6) . Moreover, when cultured osteoclasts were placed on dentine slices in the presence of MSP, the number of pits largely increased compared with that in the absence of MSP (Fig 5, Table  2 ). These findings suggest that MSP stimulates the boneresorbing activity of osteoclasts by activating STK receptor tyrosine kinase on osteoclasts. Activated STK causes rapid cytoskeletal reorganization to form ruffled border by involving cytoplasmic tyrosine kinases such as src kinase. The formation of the ruffled border provides the acidic microenvironment necessary for osteoclastic bone resorption. Recent studies have shown that src-deficient mice develop osteopetrosis because osteoclasts in these mutant mice cannot form a ruffled border. These findings indicated that src kinase is required for mature osteoclasts to form ruffled borders and to resorb bone.26,2' Recently, c-src was reported to be activated and translocated to the cytoskeleton also in nucleated cells by platelet-derived growth factor and fibroblast growth factor.28 These findings and our immunofluorescence For personal use only. on October 31, 2017. by guest www.bloodjournal.org From data suggest that MSP activates and translocates src into the cytoskeleton, and translocated src causes rapid cytoskeletal reorganization to form ruffled borders.
There are several osteotropic factors that affect the boneresorbing activity of osteoclasts. 1 ,25(OH)zD3, parathyroid hormone (PTH), and CT are hormones involved in the regulation of bone remodeling. On the other hand, E-6 and IL-1 are cytokines that stimulate the activity of osteoclasts at the time of inflammation. MSP is the first osteotropic factor whose receptor is a tyrosine kinase. Although the osteotropic activity of MSP is comparable to that of other known factors in vitro, it remains to be clarified whether MSP is also functional in vivo and, if so, whether it functions during the steady state of bone remodeling or during inflammation. Very recently, HGF was reported to increase the number of osteoclasts.z9 However, MSP did not stimulate the formation of osteoclasts (data not shown). These data suggest that MSP might function at the late stage of osteoclast maturation. It is interesting to clarify the difference in activity between MSP and HGF because these two factors and their receptors are similar to each other, with the homology between the two being about 45.0% and 31.6% with respect to both factors and receptors, respecti~ely.'~.'~
In conclusion, we showed that osteoclasts express STK receptor tyrosine kinase and that its ligand, MSP, affects osteoclasts and stimulates their bone-resorbing activity. 
